ABSTRACT CLIFTON, C. E. (Stanford University, Stanford, Calif.). Influence of growth medium on assimilatory activities of Escherichia coli. J. Bacteriol. 85:1371Bacteriol. 85: -1377Bacteriol. 85: . 1963.-Nutrient agargrown cells assimilate about 50% of the glucose added to washed suspensions (phosphate buffer, pH 7.2, 30 C), as indicated by 02 consumption or C"4-uptake from uniformly labeled glucose. Most of the nonassimilated glucose is oxidized, but a small portion remains in forms other than glucose in the suspension medium. Cells from glucose agar, however, assimilate only about 20 to 30% of the U-glucose and ferment a considerable portion of the remainder, the extent of each being determined in part at least by growth conditions. Evidence is presented that this behavior is the result of metabolic controls induced during growth. C14 from U-glucose appeared in all fractions of either agar-or glucose agar-grown cells, the highest percentage being present in cellular matter insoluble in hot 5% trichloroacetic acid. Data on the distribution of C14 from 1-, 2-, and 6-glucose, and from acetate and pyruvate, are also presented.
It has been reported (Clifton, 1962) that glucose agar-grown cells of Escherichia coli assimilate about one-third of uniformly C'4-labeled glucose added to washed suspensions, a value less than that (50%) reported by Clifton and Logan (1939) on the basis of manometric studies with nutrient agar-grown cells. A C'4-uptake of about 50%, however, was noted with nutrient agar-grown cells in this study. The assimilatory behavior of E. coli is reported in more detail herein.
MATERIALS AND METHODS
E. coli K-12 was grown for 16 to 18 hr at 30 C on nutrient agar (Difco) or on the same medium plus 1 % glucose. In some tests, the cells were grown in nutrient broth plus 1% glucose. The methods employed were the same as reported in the accompanying paper for Bacillus megaterium (Clifton, 1963a) .
RESULTS AND DISCUSSION
In a typical experiment with nutrient agargrown cells of E. coli utilizing 0.2 ml of 0.04 M U-glucose (102.2 m,uc), 47.5 m,4c were recovered in the cells, 42.0 m,uc in CO2, and 14.4 mAc remained in the supernatant of nonacidified suspensions. In a duplicate flask in which 0.2 ml of 10% sulfuric acid was tipped in at the break point (time when marked break in 02 consumption was observed), 13.4 m,uc were present in the supernatant. This is in contrast to the marked loss in cellular C14 noted on acidification of B. megaterium suspensions (Clifton, 1963a) . With glucose agar-grown cells of E. coli of the same suspension turbidity (1:10 dilution reading of 150 in Klett-Summerson colorimeter, green filter No. 54) and culture age as for the nutrient agargrown cells, the C14 figures were 24.4 m,c in the cells, 28.7 m,uc in C02, 41 .2 mAc in the nonacidified supernatant fluid, and 19.6 m,uc in the acidic one. The total amounts of C14 recovered were 72.7 m,uc when the supernatant was dried from the acidic state and 94.3 m,uc from the alkaline one. Similar behaviors were noted in other tests. These results suggested that glucosegrown cells fermented a portion of the glucose added to them in Warburg experiments, and that a portion of the fermentation products was lost on drying the supernatant, particularly when acidic.
Small amounts of lactic acid were detected by the diphenyl reaction, and acetic acid and ethanol were detected by gas chromatography. Acetic acid, in particular, has been reported by Roberts et al. (1955) to accumulate in cultures of E. coli dium. The production of acids during the utilization of glucose by glucose-grown cells was confirmed by studies of C02 evolution from bicarbonate buffer suspensions exposed to a 5% C02-air mixture to give approximately the same pH as the phosphate buffer (7.2). A marked decrease with time in the concentration of bicarbonate was noted, thus indicating acid production. In other experiments, to be described later, the production of volatile acid was followed with time in phosphate buffer suspensions.
In the experiment described above with glu- Fig. 2 . The rates of C1402 production from 2-C-and 6-C-glucose were practically identical, and the total amounts were more nearly the same than for the experiment summarized in Table 1 The production of volatile acid and C14 distribution were followed with time in phosphate buffer suspensions. In a typical experiment 0.6(?), 8.1, 16.8, and 15.4 myc (difference between basic and acidic supernatants after drying) of volatile acid were noted after 5, 10, 20, and 40 min, respectively. In this experiment, another 0.2-ml portion of 0.02 M U-glucose was added after 40 min. Both the rate and extent of 02 consumption were increased over those first observed. This reflects the influence of the previously assimilated glucose on the endogenous respiration of the cells and, possibly, to some extent the oxidation of fermentation products. In the first 40-min period 18.5 rni/c of C"4 were assimilated, while only 13.7 m,uc were incorporated after the addition of the second portion of glucose, and the cell-CO2 ratios were 0.57 and 0.32, respectively. This, together with the results obtained with different concentrations of cells ( Table 2) , suggests that there is a rather definite limit to the amount of glucose that can be assimilated by the cells.
As a check on the possibility that the cells could lose their fermentative characteristics on longer exposure to air, the cells in one Warburg flask in the above experiment were shaken for 4 hr before the glucose was added. No marked decrease in the rate of endogenous respiration was noted, and there were no appreciable differences between the rate and extent of 02 consumption and extent of fermentation or assimilation with the cells tested first or those after the 4-hr period of endogenous respiration. The cell-CO2 ratios were close, 0.57 and 0.61, respectively, thus indicating no adaptation to a strict aerobic metabolism.
Since fermentation occurs in cultures growing on glucose agar, probably as the result of a deficiency in 02 supply within the colonies, a test was carried out with cells from glucose broth cultures of E. coli, one culture being continuously shaken on a Burrell wrist shaker to facilitate aeration, the other remaining stationary. The cells were harvested at the same time and washed, and the final suspensions were adjusted to the same turbidity. Fermentation by cells from the shaken culture was reduced to about one-half the value noted with the cells from the stationary culture (Table 3) , 02 consumption and CO2 production were greater, but the extents of assimilation were about the same. The apparent decreased efficiency of aerobic assimilation, as indicated by cell-CO2 ratios, may in part result from the fact that the cells from the shaken culture exhibited a rate of oxygen consumption almost twice that noted with the other suspension and the break in rate was noted earlier. Hence, some of the assimilated matter could have been oxidized since the tests with both suspensions were terminated at 50 min. From the various results, it would appear that glucose fermentation under aerobic conditions is an inherent characteristic of glucose-grown cells, although its extent was reduced when the parent cultures were aerated, an example of the Pasteur effect. The extent of fermentation under growth conditions has not been determined, but its occurrence may be related to the marked production of ethanol in young aerobic cultures of yeast, as reported by Swanson and Clifton (1948) . These results suggest regulatory mechanisms in the cells which control the extent to which fermentation occurs under aerobic conditions.
In a separate test, the cells were grown in glucose broth under practically anaerobic conditions (500-ml Erlenmeyer flask filled to neck). The distribution in glucose agar-grown cells of C'4 assimilated from U-glucose was determined shortly after the break in 02 consumption was observed. A C'4 cell-CO2 ratio of 0.76 was noted and an RQ of 0.94; 32% of the label was in the cold 5% trichloroacetic acid-soluble portion, 9% soluble in alcohol, 16% in hot 5% trichloroacetic acid, and 43% was in the residual matter. A similar distribution of the label was noted in a cell suspension prepared from a nutrient agar culture. As with other organisms studied (Clifton, 1963a, b) , the label appears to be widely distributed in the cells rather than in any one storage product. Attempts are being made to identify the major products of assimilation, a glycogen probably being one product as indicated by studies of Dagley and Dawes (1949) and Palmstierna (1956) .
The endogenous respiration rate of E. coli tends to be quite low and generally has been considered to be negligible. Studies with cells labeled during growth (glucose-glutamate), however, indicated that the rate of endogenous respiration increased slightly in the presence of unlabeled glucose, e.g., from 0.18 to 0.23 mAc per hr. When labeled cells were studied in the airrecirculation system, a rate of increase of 2.4 mv (mv/3.74 = m/,c) per hr was noted in the ionization chamber. This rate increased to 5.6 mv for the first hour after the addition of unlabeled glucose and then decreased to about 4.0 mv during the second hour. After the addition of labeled glucose, the rate increased to 180 mv per hr and decreased to a level of 40 mv per hr 1 hr after the break in C'402 production was noted. This rate was maintained quite constant for the next hour at which time the experiment was terminated. The 40-mv rate may represent oxidation of both assimilated material and fermentation products in the medium. Since the rate of endogenous respiration, and, therefore, the extent of utilization of cellular material, was low, it is difficult to determine the change with time of the distribution of the label in the various cell fractions. Preliminary studies indicate changes occur in all fractions. Both the influence of substrate on endogenous respiration and the nature of the endogenous substrates are being studied in more detail.
Since acetate is one of the products of aerobic fermentation and also is oxidized, although slowly, by E. coli, its utilization was studied. Neither glucose-grown nor nutrient agar-grown cells of E. coli oxidized acetate (6 ,moles) at rates much greater than the endogenous controls; only about 12% of the C'4-acetate was utilized by glucose-grown E. coli and 67% by nutrient agar-grown E. coli in 165 min. The glucose-grown cells, however, were somewhat more active oxidatively on glucose than those harvested from nutrient agar, thus suggesting enzymatic differences between the cells. In one experiment (6 ,umoles, 100 m,uc of acetate) with glucose-grown cells, 3.6 and 6.0 m,uc of 1-C-and 2-C-acetate, and supernatant-C'4 were, for 1-C14-acetate, 15.4, 59.9, and 23.7 m,ic and 28.7, 39.2, and 33 .0 for 2-C'4-acetate, respectively.
Pyruvate was utilized by glucose-grown cells at about the same rate as glucose, although there was a short lag period after the addition of pyruvate. The C'4 cell-CO2 ratios for one experiment were 0.05, 0.28, and 0.37 for 1-, 2-, and 3-C14-pyruvate, respectively. This is in general agreement with the distribution of C14 noted for the oxidation of lactate by E. coli (Fraser and Tolbert, 1951) .
In earlier studies on oxidative assimilation (reviewed by Clifton, 1957) , balance sheets and equations were established on the assumption that a portion of a readily oxidized substrate was oxidized to completion with the remainder being assimilated. The studies reported here show that this assumption is incorrect if fermentation as well as complete oxidation occurs under aerobic conditions. Fermentative activity would not be noted in ordinary Warburg studies unless it were accompanied by the release of gaseous endproducts and consequent marked change in RQ. Similarly, the history of the cells used in an experiment must be taken into consideration as shown by variations in behavior of B. cereus (Clifton and Sobek, 1961) , and the influence of the culture medium on fermentative and oxidative, or both, activities of the cells as evidenced herein. Collins and Lascelles (1962) also reported marked influence of the nature of the culture medium on oxidative activity of Staphylococcus aureus.
Actually, carbon balances in earlier studies led us (e.g., Pickett and Clifton, 1943) to suspect that a portion of the substrate in some instances could be converted to products other than CO2 and assimilated matter. The differences, however, in some instances were small and difficult to measure by quantitative carbon determinations. Furthermore, washing or acidification of the cells elicited differences that were within limits of error of the methods employed. The use of sensitive C14-detection techniques has facilitated study of actual changes during assimilation. It has also been shown (Clifton, 1936b) that B. subtilis harvested from glucose agar also carries on fermentation of glucose under aerobic conditions.
It is readily apparent from the various results that the nature of the growth medium and culture conditions influence the subsequent metabolic activity of the cells, and that there are definite regulatory mechanisms within the cells which control the nature of their respiratory activities and the extent to which assimilation occurs. The nature of the newly formed endogenous reserves influences subsequent endogenous respiration, the substrates of which are being investigated in more detail.
Since the C14 label was found to be distributed in all cell fractions tested, although no ammonium salts were present in the buffer, it would appear that more or less normal pathways of metabolism are involved in oxidative assimilation of simple substrates. Jackson and Johnson (1961) also reported widespread distribution of C14 in all fractions after oxidative assimilation by Torulopsis utilis. One cannot assume that the assimilated carbon is converted only to one or a limited number of storage compounds. Ammonia commonly is liberated by washed cells, and some of this endogenous ammonia could be incorporated into newly formed amino acids and proteins.
After a period of endogenous respiration, decreases in C14 content of all fractions of labeled cells were noted, rather than of any particular one in which endogenous reserves might be located. The persistence of endogenous respiration in the presence of readily oxidized substrates, the distribution pattern of C14 mentioned above, and the general behaviors reported herein lend support to the concept of Danforth and Wilson (1961) that "newly-assimilated material 'pools' more rapidly with the immediate substrate of endogenous metabolism than with the remainder of the endogenous reserves," and that endogenous pathways "play a special role in Euglena metabolism which goes beyond merely providing a reserve of carbon and energy." Jackson and Johnson (1961) provided data that indicate that more than one pool of intermediates exists within the cell. It is quite possible that endogenous pools are a major source of energy and that, as postulated by Danforth and Wilson (1961) , exogenous substrates in part at least serve to replenish or increase the supply of endogenous reserves. The various data (Clifton, 1963a, b) indicate that, during oxidative assimilation, much of the carbon assimilated is widely distributed in various components of the cells rather than primarily in storage products as suggested by equations based on manometric data.
